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The tospovirus NSs protein was previously shown to suppress the antiviral RNA silencing mechanism
in plants. Here the biochemical analysis of NSs proteins from different tospoviruses, using purified NSs
or NSs containing cell extracts, is described. The results showed that all tospoviral NSs proteins analyzed
exhibited affinity to small double-stranded RNA molecules, i.e., small interfering RNAs (siRNAs) and
micro-RNA (miRNA)/miRNA* duplexes. Interestingly, the NSs proteins from tomato spotted wilt virus
(TSWV), impatiens necrotic spot virus (INSV), and groundnut ringspot virus (GRSV) also showed affinity
to long double-stranded RNA (dsRNA), whereas tomato yellow ring virus (TYRV) NSs did not. The TSWV
NSs protein was shown to be capable of inhibiting Dicer-mediated cleavage of long dsRNA in vitro. In
addition, it suppressed the accumulation of green fluorescent protein (GFP)-specific siRNAs during
coinfiltration with an inverted-repeat-GFP RNA construct in Nicotiana benthamiana. In vivo interference
of TSWV NSs in the miRNA pathway was shown by suppression of an enhanced GFP (eGFP) miRNA
sensor construct. The ability to stabilize miRNA/miRNA* by different tospovirus NSs proteins in vivo was
demonstrated by increased accumulation and detection of both miRNA171c and miRNA171c* in tospo-
virus-infected N. benthamiana. All together, these data suggest that tospoviruses interfere in the RNA
silencing pathway by sequestering siRNA and miRNA/miRNA* molecules before they are uploaded into
their respective RNA-induced silencing complexes. The observed affinity to long dsRNA for only a subset
of the tospoviruses studied is discussed in light of evolutional divergence and their ancestral relation to
the animal-infecting members of the Bunyaviridae.
In recent years, RNA silencing has become known as one of
the major defense mechanisms acting against viruses in plants
and insects (15, 20, 21, 54). During a virus infection, double-
stranded RNA (dsRNA) molecules arise as replicative inter-
mediates or due to the formation of secondary RNA struc-
tures. These are recognized by specific Dicer-like proteins
(Dicer in insects and predominantly DCL-4 in plants) and
processed into 21-nucleotide (nt) small interfering RNA
(siRNA) molecules (6, 14, 27). One strand of this molecule, the
guide strand, is incorporated in the RNA-induced silencing
complex (RISC) and enables RISC to recognize and degrade
complementary (viral) target RNA molecules through the ac-
tion of the core Argonaute (AGO) protein (28, 44). In plants,
these 21-nt primary siRNAs have been shown to serve as prim-
ers for the host-encoded RNA-dependent RNA polymerase
(RDR) to convert RNA target sequences into new long
dsRNAs. These in turn are processed into secondary siRNAs.
In this way, silencing not only is being amplified but also is
spread along the entire RNA target sequence (transitive si-
lencing) (53).
Two other plant DCL proteins (DCL-2 and DCL-3) also
play a role in processing of dsRNA, but these generally lead to
22- to 26-nt siRNAs which are suggested to function in a range
of other purposes unrelated to viral defense (1). DCL-1 pro-
duces micro-RNAs (miRNAs) that are structurally similar to
siRNA molecules but originate after processing of long
host-carried RNA transcripts called primary miRNA (pri-
miRNA) via precursor miRNA (pre-miRNA) into miRNA/
miRNA* duplexes. After unwinding of miRNA/miRNA* du-
plexes, one strand is incorporated into RISC, whereas the other
strand, miRNA*, is rapidly degraded after cleavage by an AGO
protein (56). MicroRNAs are regulatory factors that are loaded
into RISC to silence host-carried genes by either RNA degrada-
tion or translational inhibition of their target (55). In insects,
Dicer-2 is required for the siRNA and Dicer-1 for the miRNA
processing steps that are divided over multiple DCLs in plants (1).
As a response to antiviral RNA silencing, many plant and
insect viruses have been shown to express RNA silencing sup-
pressor (RSS) proteins (2, 40). Most of these RSS proteins
specifically bind either siRNAs or long dsRNA (14, 37, 42),
whereas some RSS proteins, like the poleroviral p0 (8, 47, 59),
interact with key proteins of the RNA silencing pathway, such
as DCL or AGO. A few RSS proteins are able to interact at
multiple points in the RNA silencing pathway. One such example
is that of cucumber mosaic virus 2b, which not only binds RNA
molecules but also interacts with AGO (24, 59). Besides their
interference in the antiviral siRNA pathway, viral RSS proteins
also effect the miRNA pathway, likely by sequestering miRNA/
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miRNA* duplexes, and thereby cause developmental defects in
Arabidopsis after transgenic expression (11, 16).
Tomato spotted wilt virus (TSWV) is the type species of the
Tospovirus genus within the family of arthropod-borne Bunya-
viridae. In contrast to all other mammal-infecting members of
the Bunyaviridae, tospoviruses specifically infect plants and are
transmitted in a propagative manner by thrips (19, 57). Tospo-
viruses are therefore a likely target of antiviral RNA silencing
in both plant and insect hosts. Previously, the TSWV NSs
protein has been shown to suppress RNA silencing in plants
and insects (10, 23, 48, 51). Accumulation of this protein, at
least in plants, coincides with increased virulence of the virus
(36). It is hypothesized that the RSS mode of action of tospo-
virus NSs proteins is accomplished by interacting with a com-
ponent of the antiviral RNA silencing pathway that is shared
between plants and insects, i.e., dsRNA. To test this hypothe-
sis, the affinity of TSWV NSs to a range of dsRNA molecules
of the si- and miRNA pathway was analyzed in vitro and ver-
ified by reporter-based assays in vivo. The analysis was broad-
ened to other tospoviral NSs proteins in order to determine if
the observed mode of action is a general feature for tospoviral
NSs proteins.
MATERIALS AND METHODS
Plasmid constructs. Agrobacterium expression plasmids for maltose binding
protein (MBP), TSWV NSs, inverted repeat of GFP (IR-GFP), and GFP were
described previously (10, 30, 42).
The coding sequence for tomato yellow ring virus tomato strain (TYRV-t) NSs
and groundnut ringspot virus (GRSV) NSs was PCR amplified and cloned into
the binary pK2GW7 (32) vector using Gateway technology. Baculovirus express-
ing TSWV NSs or GFP has been described previously (31, 36). Recombinant
baculoviruses expressing GRSV NSs and TYRV NSs were constructed using
Gateway technology and the Bac-to-Bac system (Invitrogen), following the man-
ufacturers’ protocol.
The insect expression vectors of MBP and TSWV NSs were constructed using
Gateway technology in pIB-GW (Invitrogen).
The 3 untranslated region (3UTR) of the par6 gene was PCR amplified from
an existing insect expression plasmid (18) to provide the restriction sites SstII and
XbaI for convenient cloning and 3 fusion to the enhanced GFP (eGFP) coding
sequence. This reporter construct, denoted eGFP-3UTR, was subsequently
cloned into the binary expression vector pK2GW7 (32), using Gateway technol-
ogy. In a similar fashion, the par6 gene 3UTR was cloned behind the firefly
luciferase coding sequence (Fluc-miRNA1) in pMT-Fluc (54).
The binary vector expressing primary miRNA1 was made by PCR amplifica-
tion of pri-miRNA1 from a previously described insect expression vector (18)
followed by Gateway technology recombination into the binary pK2GW7 vector
(32).
Inducible expression vectors carrying pri-miRNA1 or pri-miR12 were con-
structed by excision of the respective fragments by either NotI-XbaI or KpnI-
XbaI from the vectors tub-miRNA1 and pAc-miR12 (18) and subsequent cloning
into pMT-B (Invitrogen).
Cell culture and transfection. Schneider 2 (S2) cells were grown in Schneider
medium (Invitrogen) supplemented with 10% heat-inactivated fetal calf serum
(FCS) (Gibco) at 28°C. To reach a confluence of 60 to 70% at the time of
transfection, cells were seeded 24 h prior to transfection in a 96-well plate at a
concentration of 5  104 cells per well. Transfections were performed using
Cellfectine II (Invitrogen) reagent according to the manufacturer’s instructions.
Cells were cotransfected with 100 ng RSS expression plasmid (MBP or TSWV
NSs), 12.5 ng pMT-Fluc-miRNA1, 3 ng pMT-Rluc, and 2.5 ng pMT-miRNA,
either pri-miRNA1 or pri-miRNA12. Expression of the inducible constructs was
induced 48 h posttransfection by 5 M CuSO4 and assayed 24 h postinduction.
Luciferase expression was determined using self-made buffers for the dual-
luciferase reporter assay (17).
Bacterial expression and purification of thioredoxin-TSWV NSs and -MBP.
The coding sequence of TSWV NSs or MBP was PCR amplified to introduce
Gateway specific recombination sites and cloned into pDONR207 (Invitrogen).
For expression and subsequent purification, the NSs or MBP coding sequence
was cloned in frame with His-patched thioredoxin (HP-thioredoxin) in pDest49-
BAD (Invitrogen) by Gateway reaction. Proteins were expressed in DH10beta
cells (Qiagen) according to the manufacturer’s recommendations. After induc-
tion for 6 h at 37°C with 0.2% (wt/vol) L-arabinose, cells were harvested by
centrifugation for 15 min at 4,000 rpm (Sorvall GSA rotor) at 4°C. Cells were
lysed by sonication on ice three times with 30-s intervals in lysis buffer (50 mM
K2PO4, 400 mM NaCl, 100 mM KCl, 10% [vol/vol] glycerol, 1% [vol/vol] Triton
X-100 and EDTA-free protease inhibitor cocktail [Roche]). The soluble fraction
was recovered by centrifugation at 4,000 rpm (Sorvall GSA rotor) for 30 min at
4°C. Recombinant protein was purified using a Talon metal affinity resin column
(Clontech) and eluted with 2.5 packed bed volumes (PBV) elution buffer (50 mM
NaH2PO4, 300 mM NaCl, 200 mM imidazole, 10% [vol/vol] glycerol) after
washing with 15-PBV lysis buffer. Protein fractions were instantly frozen in
aliquots in liquid nitrogen and stored at 80°C until use. Protein concentrations
of eluted fractions were determined using the standard procedure of the Bio-Rad
protein assay according to the manufacturer’s recommendations, and the puri-
fication process was analyzed by SDS-PAGE and subsequent staining with Coo-
massie brilliant blue.
Preparation of virus-infected plant extracts and baculovirus-infected insect
cell extracts. Groundnut ringspot virus (GRSV), impatiens necrotic spot virus
(INSV), tomato yellow ring virus tomato strain (TYRV-t), tomato spotted wilt
virus (TSWV), and cymbidium ringspot virus (CymRSV) were mechanically
inoculated on Nicotiana benthamiana, and extracts were prepared from sys-
temically infected leaves essentially as described previously (42) with minor
modifications. Virus accumulation was verified either by enzyme-linked im-
munosorbent assay (ELISA) or NSs-specific Western blot analysis prior to prep-
aration of virus-infected plant extracts. The total protein concentration was
determined using the standard procedure of the Bio-Rad protein assay according
to the manufacturer’s recommendations. Crude extracts were centrifuged twice
at 14,000 rpm for 15 min at 4°C. Extracts were immediately frozen in liquid
nitrogen and stored at 80°C until use.
TSWV NSs, GRSV NSs, TYRV NSs, and GFP were expressed in Trichoplusia
ni Hi5 cells, using baculovirus expression vectors expressing the genes under the
control of the polyhedrin promoter (29).
Hi5 cells were infected with baculoviruses at a multiplicity of infection (MOI)
of 10 and incubated for 48 h at 28°C. Cells were detached, harvested by low-
speed centrifugation (1,500 rpm), and washed with phosphate-buffered saline
(PBS) prior to lysis by sonication during three intervals of 30 s in lysis buffer (100
mM NaCl, 20 mM Tris 7.4, 2 mM MgCl2, 1 mM dithiothreitol [DTT], 10%
[vol/vol] glycerol). The infection was monitored either by GFP fluorescence or
SDS-PAGE and Western immunoblot analysis for TSWV NSs, GRSV NSs, and
TYRV NSs. The total protein concentration was determined by the Bio-Rad
protein assay according to the manufacturer’s protocol.
Expression analysis. Expression of different NSs proteins was monitored by
Western immunoblot analysis. Samples of the extracts were mixed with 2 SDS
loading buffer, incubated for 5 min at 95°C, and centrifuged for 3 min at 14,000
rpm. Proteins were separated by SDS-PAGE and transferred to an Immobilion-P
(Millipore) membrane by semidry blotting. TSWV and GRSV NSs proteins were
detected using an NSs-specific polyclonal antibody. The TYRV NSs protein was
detected using a monoclonal antibody (kindly provided by S.-D. Yeh). Pro-
tein-antibody complexes were detected by an alkaline phosphatase-conju-
gated secondary antibody and visualized with nitroblue tetrazolium–5-bromo-
4-chloro-3-indolyl- phosphate (NBT-BCIP) as a substrate (Roche) according
to the manufacturer’s recommendations.
dsRNA preparation. A 114-nt dsRNA molecule was generated by T7 RNA
polymerase (Promega) transcription on a gel-purified (High Pure PCR purifica-
tion kit; Roche) eGFP template in the presence of [-32P]CTP (Perkin Elmer).
The template was provided with T7 RNA polymerase promoter sequences at
both ends by PCR amplification using the DNA oligonucleotides T7_dsRNA114
F (5 GTA ATA CGA CTC ACT ATA GGG GGC GTG CAG TGC TTC AGC
CGC 3) and T7_ds114 R (5GTA ATA CGA CTC ACT ATA GGG GCC GTC
GTC CTT GAA GAA GAT GG 3). Precursor miRNA 2b was generated by T7
RNA polymerase transcription in the presence of [-32P]CTP (Perkin Elmer) on
a template obtained after annealing of two long primers: 5 GTA ATA CGA
CTC ACT ATA GGC GTT GCG AGG AGT TTC GAC CGA CAC TAT ACT
TAT AAC AAC TGT TGT ACA GTG ACG GTG AAA CTT CTG TCA ACT
TC 3 and 5 GAA GTT GAC AGA AGT TTC ACC GTC ACT GTA CAA
CAG TTG TTA TAA GTA TAG TGT CGG TCG AAA CTC CTC GCA ACG
CCT ATA GTG AGT CGT ATT AC 3. Following T7 transcription, reaction
mixtures were incubated at 70°C for 10 min and cooled down to room temper-
ature. Template DNA was removed by treatment with DNase I, and dsRNA was
gel purified from an 8% PAGE, 0.5 Tris-borate-EDTA (TBE) native gel.
Labeling of custom-made RNA oligonucleotides targeting the GFP sequence or
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corresponding to the Arabidopsis thaliana micro-RNA 171a sequence was per-
formed by end labeling of the GFP siRNA guide strand or miRNA171a strand
using [-32P]ATP (Perkin Elmer) and T4 polynucleotide kinase. These radiola-
beled strands were annealed to the RNA oligonucleotide corresponding to the
respective GFP siRNA passenger or miRNA171* a strand and PAGE purified
essentially as described previously (25).
Electrophoretic mobility shift assay and Western blot analysis. In a binding
reaction, radiolabeled RNA (0.5 nM) was incubated with 2 g total protein
from virus-infected leaf or cell extracts per 10 l reaction mixture and incubated
for 20 min at room temperature as previously described (30, 42). As controls,
RNA was loaded without plant extracts, with healthy plant extracts, or with
GFP-expressing baculovirus-infected insect cell extracts. The same reaction was
carried out with serial dilutions of the bacterium-expressed HP-thioredoxin-NSs
or -MBP proteins. The complexes were separated on a 0.5 TBE native PAGE
gel. For 114-nt dsRNA and pre-miRNA 2b, a 5% gel was used, and an 8% gel
was used for siRNA and miRNA/miRNA* molecules. Following electrophoresis,
gels were dried, exposed overnight to a phosphor screen, and scanned (Molec-
ular Dynamics Typhoon PhosphorImager; Amersham Biosciences). A represen-
tative picture of at least three independent experiments was shown.
To determine the presence of NSs in the RNA-protein complex, the excised
gel slices were ground in 2 SDS loading buffer and PBS. After denaturation,
the solution was loaded on an SDS-PAGE gel and blotted, and a Western blot
analysis was performed using either polyclonal TSWV NSs or monoclonal anti-
body detecting Asian tospoviral NSs (supplied by S. D. Yeh).
Dicer cleavage reactions. Drosophila melanogaster embryo extract preparation
was described previously (25). In Dicer-mediated cleavage reactions, embryo
extracts were incubated for 3 h at 25°C in reaction mixtures as described previ-
ously (25), where KCl was omitted from the reaction mixture. In a typical 10-l
reaction mixture, 2 l Drosophila embryo extract, 0.5 ng dsRNA, and 2 g
virus-infected extract were mixed. Samples were deproteinized, and RNA was
analyzed on a 12% denaturing gel. Electrophoresis gels were dried, exposed to a
phosphor screen, and scanned (Molecular Dynamics Typhoon PhosphorImager;
Amersham Biosciences).
Agrobacterium tumefaciens transient transformation assay (ATTA). Agrobacte-
rium infiltration was performed as previously described (10). N. benthamiana
leaves were coinfiltrated with Agrobacterium (at an optical density at 600 nm
(OD600) of 0.25) harboring binary vectors encoding IR-GFP, GFP, and different
constructs coding for MBP, CymRSV P19, turnip crinkle virus (TCV) coat
protein (CP), TYRV NSs, or TSWV NSs. Expression of GFP in the leaves was
monitored 3 days postinfiltration (dpi) with a hand-handled UV lamp, and
photos were taken with a Canon Power Shot A710IS digital camera, using the
high fluorescence setting. For the miRNA-based sensor constructs, Agrobacte-
rium (at an OD600 of 0.1) harboring eGFP-3UTR, miRNA1, and either MBP or
TSWV NSs was coinfiltrated in N. benthamiana leaves. Green fluorescence was
visualized 5 dpi with a Leica binocular microscope (type S) and the GFP Plus
fluorescence module 10446143.
Northern blot analysis. RNA extraction was performed as described previ-
ously (9), and 7 g of total RNA was mixed with formaldehyde loading buffer,
heated for 5 min at 70°C, and separated on an 1% agarose gel. The RNA was
transferred onto a Hybond-N membrane (Pharmacia-Biotech), followed by UV-
cross-linking.
For miRNA1 and siRNA detection, 5 g RNA enriched for small RNAs (27)
was separated on a 20% 0.5 TBE denaturing acrylamide gel. Following sepa-
ration, the RNA was electroblotted onto Hybond-N (Pharmacia-Biotech) and
cross-linked by UV light. Hybridization was performed overnight at 48°C in
modified church buffer (0.36 M Na2HPO4, 0.14 M NaH2PO4, 7% [wt/vol] SDS,
1 mM EDTA) with either an eGFP or miRNA1-specific digoxigenin (DIG)-
labeled DNA probe. The blots were washed briefly three times with 2 SSC (1
SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and three times for 15 min with
2 SSC supplemented with 0.2% (wt/vol) SDS at 48°C. The labeled probe was
detected by Western blot analysis using a DIG-specific antibody conjugated to
alkaline phosphatase in blocking buffer (maleic acid buffer plus 1% blocking
reagent) and CSPD as a substrate (Roche) according to the manufacturer’s
recommendations.
For the detection of miRNA171 in tospovirus-infected extracts, 5 to 15 g
small RNA was loaded onto a 12%, 1 TBE denaturing gel, electroblotted onto
a Hybond-N membrane (Pharmacia-Biotech), and hybridized overnight at 50°C
in hybridization buffer (1 mM EDTA, 0.36 M Na2HPO4, 0.14 M NaH2PO4, 7%
[wt/vol] SDS) using locked nucleic acid probes (2 g). Probes specific for
miRNA171c or miRNA171c* were labeled using polynucleotide kinase and
(-32P)ATP. Following hybridization, blots were washed briefly with 2 SSC–
0.2% (wt/vol) SDS, twice for 20 min with 2 SSC–0.2% (wt/vol) SDS, and once
for 20 min with 1 SSC–0.1% (wt/vol) SDS at 50°C. Blots were exposed to a
phosphor screen and scanned (Molecular Dynamics Typhoon PhosphorImager;
Amersham Biosciences). Stripping of blots was performed at 85°C using 200 ml
buffer containing 1 mM EDTA and 0.1% (wt/vol) SDS for 15 min and used for
subsequent hybridization experiments.
RESULTS
TSWV NSs binds long and short dsRNA in vitro. Previously
it was reported that of the TSWV proteins tested, only the NSs
protein was able to suppress RNA silencing in Agrobacterium
infiltration assays (10, 51). Furthermore, silencing suppression
by NSs revealed significantly low levels of target siRNA in
comparison to suppression by tombusvirus P19 and rice hoja
blanca virus (RHBV) NS3, both known to specifically bind only
small double-stranded RNAs (i.e., siRNAs) (10, 30, 37, 51).
These results implied that TSWV NSs interferes in the RNA
silencing pathway upstream of siRNA synthesis, e.g., by bind-
ing to long dsRNA and thereby preventing these from becom-
ing processed into siRNAs by Dicer (like) proteins.
To analyze whether TSWV NSs exerts its suppressor func-
tion by sequestering dsRNA, the affinity to various dsRNA
molecules was analyzed. In vivo, the NSs protein tends to form
large insoluble aggregates (36), and earlier attempts to express
and purify NSs from Escherichia coli failed due to solubility
problems. Thioredoxin has been reported to increase transla-
tion efficiency and solubility of eukaryotic proteins expressed in
E. coli (39). For these reasons and because N-terminal fusions
to NSs were shown not to hamper RSS activity (data not
shown), NSs was expressed in E. coli, fused at its N terminus to
His-patched thioredoxin (HP-thioredoxin). After purification,
the HP-thioredoxin-NSs fusion protein was incubated with
radiolabeled 114-nt dsRNA or 21-nt siRNA molecules and
subsequently analyzed by electrophoretic mobility shift as-
says (EMSA) on native acrylamide gels (38). These analyses
revealed that upon increasing NSs concentrations, both siRNA
(Fig. 1A) and 114-nt dsRNA (Fig. 1C) showed a retardation in
electrophoretic mobility, together indicating that TSWV NSs
was able to bind both siRNA and long dsRNA. As negative
controls, dsRNAs or siRNAs were incubated with purified
HP-thioredoxin N-terminally fused to the inert maltose bind-
ing protein (MBP), and in both cases, even at the highest
concentrations tested, no complex formation was observed
(Fig. 1B and D). While the mobility of siRNAs was still re-
tarded when they were incubated in the presence of a rather
low concentration (14.8 nM) of NSs, only binding to 114-nt
dsRNA was observed at significantly higher concentrations of
NSs (237.5 nM). These results indicated a higher affinity of
TSWV NSs for siRNA molecules than for long dsRNA.
To verify these results, experiments were repeated using the
native NSs protein produced from the eukaryotic baculovirus-
insect cell expression system. Due to the lack of a tag for
convenient purification purposes, entire insect cell extracts
containing the expressed NSs were used. To determine the
binding affinity of NSs, extracts were incubated with radiola-
beled 21-nt siRNAs (Fig. 1E) or long (114-nt) dsRNA mole-
cules (Fig. 1F). The expression and presence of NSs in the
soluble fraction of insect cell extracts used were verified by
Western blot analysis (Fig. 1G). The EMSA analyses (Fig. 1E
and F) showed that the NSs-containing insect cell extracts
exhibited dsRNA affinity profiles similar to the results obtained
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FIG. 1. Affinity of TSWV NSs for 21-nt siRNAs and 114-nt dsRNA. Different concentrations of either bacterially purified HP-thioredoxin-NSs
protein or insect cell extract infected with a recombinant baculovirus expressing NSs or GFP were incubated for 20 min at room temperature with
100 pM of 32P-labeled siRNA (A and E) or 114-nt dsRNA (panels C and F). RNA-protein complexes were separated on a native polyacrylamide
gel, and a representative picture is shown from at least two independent experiments. As negative controls, RNA was incubated in the presence
of elution buffer (A and C) (first lane), GFP-containing insect cell extracts (E and F) (first lane), or HP-thioredoxin-MBP (B and D). In the case
of HP-thioredoxin-MBP (B and D), HP-thioredoxin-NSs was used as a positive control. Expression of NSs in infected insect cell extracts was
verified by Western blot analysis using an NSs-specific polyclonal antibody (G).
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with purified HP-thioredoxin NSs. Similar binding affinities
were also observed with longer, 400-nt dsRNA molecules (data
not shown). Although complex formation with 114-nt dsRNA
(and 400-nt dsRNA) was also observed in the negative-control,
insect cell extracts infected with a recombinant baculovirus
expressing GFP (Fig. 1F, asterisk), the complex clearly showed
a different mobility from the NSs-RNA complex. Due to the
absence of this complex when using siRNA in EMSA (Fig. 1E),
the origin of this complex was not investigated further.
To confirm the higher affinity of NSs for siRNAs versus long
dsRNA, an in vitro affinity competition was performed. To this
end, a fixed amount of baculovirus-infected cell extract was
mixed with radiolabeled siRNAs in the presence of an increas-
ing concentration of nonlabeled long dsRNA competitor (Fig.
2A) and vice versa (Fig. 2B). For easier comparison, the per-
centage of bound versus unbound labeled RNA molecules was
quantified and is presented in a graph (Fig. 2C). Results show
that whereas the amount of siRNAs present in an NSs complex
(approximately 91%) hardly changed upon addition of long
dsRNA (Fig. 2A), in the reciprocal situation, the amount of
NSs-long dsRNA complexes was readily reduced (from an
approximately 100% bound status in the absence of siRNA
competitor to an approximately 58% bound status at a 100
molar excess of siRNA competitor) by the addition of siRNA
competitors (Fig. 2B and C). The latter was confirmed by an
increased signal of unbound dsRNA (Fig. 2) (from 0% to
90%). These results further supported a higher affinity of
TSWV NSs for siRNA molecules over long dsRNA. As de-
scribed above (Fig. 1F, asterisk), again a distinct mobility shift
was observed when, as a negative control, the long dsRNA
molecules were incubated with insect cell extracts infected with
a recombinant baculovirus expressing GFP (Fig. 2B).
TSWV NSs inhibits Dicer-mediated dsRNA processing. Since
TSWV NSs exhibited affinity to long dsRNA (Fig. 1C and F)
and lower levels of target siRNAs from silenced genes were
observed in previous experiments (10), it was tempting to as-
sume that TSWV NSs prevents long dsRNA from becoming
cleaved by DCL proteins. To test whether TSWV NSs indeed
was able to interfere with Dicer-mediated dsRNA processing,
Dicer cleavage assays using Drosophila embryo extracts were
performed. As a substrate, 114-nt dsRNA was used, and the
production of 21-nt siRNAs was monitored in the presence of
increasing amounts of insect cell extracts containing recombi-
nant baculovirus-expressed TSWV NSs. As a negative control,
extract of insect cells infected with a recombinant baculovirus-
GFP was included. Only when extracts harboring TSWV NSs
were added, the formation of siRNAs was significantly reduced
(Fig. 3A), indicating that TSWV NSs interfered with Dicer
cleavage of dsRNA in vitro. For comparative purposes, the
relative percentage of processed dsRNA was quantified for
three independent Dicer cleavage reactions (Fig. 3B).
To verify whether the in vitro-observed inhibition of Dicer
cleavage by TSWV NSs also occurred in vivo, plants were
coinfiltrated with Agrobacterium harboring a plasmid encoding
FIG. 2. Competition experiments with recombinant baculovirus-NSs-infected cell extracts for siRNAs and 114-nt dsRNA. Fixed concentrations
of insect cell extracts infected with a baculovirus expressing TSWV NSs were incubated with 32P-labeled siRNA and increasing amounts (0, 100,
200, 250, and 300 molar excess) of unlabeled 114-nt dsRNA competitor molecules (A) or 32P-labeled 114-nt dsRNA and increasing amounts
(0, 100, 200, 250, and 300 molar excess) of unlabeled siRNA competitor molecules (B). Samples were loaded and resolved on a native
acrylamide gel. As a negative control, extracts from cells infected with a GFP-expressing baculovirus were used. In the case of 114-nt dsRNA, a
lower retardation complex is formed for the negative control (*). The percentage of bound RNA was quantified by GeneTools (SynGene) and is
represented versus the concentration of competitor (114-nt dsRNA or 21-nt siRNA) (C).
11546 SCHNETTLER ET AL. J. VIROL.
an inverted repeat of GFP (IR-GFP) and/or GFP and either
TSWV NSs, tomato yellow ring virus (TYRV) NSs, or cym-
bidium ringspot virus (CymRSV) P19, the latter as a negative
control. Turnip crinkle virus (TCV) coat protein (CP), previ-
ously shown to bind long dsRNA and to inhibit Dicer cleavage
(42), was used as a positive control. An Agrobacterium strain
expressing the maltose binding protein (MBP) was included as
a negative control. The presence of green fluorescence (Fig.
3D) during all coinfiltrations, except for the negative control
MBP, indicated that all RSS proteins analyzed (TSWV NSs,
TYRV NSs, CymRSV P19, and TCV CP) were able to inhibit
RNA silencing induced by IR-GFP. To analyze whether this
was due to inhibition of Dicer cleavage of the IR-GFP RNA,
leaves were harvested 3 days postinfiltration, and RNA was
isolated, enriched for small RNA, and investigated by North-
ern blot analysis for the presence of GFP siRNA (10). Relative
to the loading controls, GFP-specific siRNAs were observed in
significantly smaller amounts in samples from leaves coinfil-
trated with TSWV NSs or TCV CP (Fig. 3 C) than in those
from leaves coinfiltrated with TYRV NSs, CymRSV P19, or
MBP. These findings supported the idea that TSWV NSs,
like TCV CP, was able to associate with long dsRNA and
thereby inhibited Dicer cleavage of these long dsRNAs. Since
CymRSV P19 is known to exclusively bind siRNAs and sup-
presses RNA silencing downstream of Dicer, the similar levels
of GFP siRNAs observed for TYRV NSs and CymRSV P19
suggested that TYRV NSs was not able to inhibit Dicer cleav-
age of long dsRNA.
Binding of dsRNA is a common feature of tospoviral NSs
proteins. The observation that TYRV NSs was not able to
inhibit Dicer cleavage suggested a very low affinity of TYRV
NSs for long dsRNA, and it is therefore distinct from TSWV
NSs. To test whether the affinity for differently sized dsRNA
molecules, as was demonstrated for TSWV NSs (Fig. 1), is
shared among other tospoviruses, a comparative EMSA anal-
ysis was performed with several tospoviruses. To this end,
infected plant extracts from a range of different tospovirus
species (TSWV), groundnut ringspot virus (GRSV) and impa-
tiens necrotic spot virus (INSV) from the American clade and
TYRV from the Eurasian clade (29, 45), were incubated with
radiolabeled molecules (siRNA or 114-nt dsRNA) and ana-
lyzed by EMSA (42). The results showed that NSs-containing
protein extracts of all tospoviruses were able to shift and thus
bind siRNA molecules (Fig. 4A). Surprisingly, the extracts
from INSV and GRSV showed an additional strong affinity for
longer dsRNA molecules, while the extract from TYRV NSs
did not (Fig. 4C). The latter was in agreement with the earlier-
observed lack of indirect inhibition on Dicer cleavage by
TYRV NSs (Fig. 3C). Surprisingly, nearly no affinity to 114-nt
dsRNA could be observed for TSWV NSs in this assay (Fig.
4C), in contrast to previous results with E. coli- and baculovi-
rus-expressed TSWV NSs (Fig. 1). As already mentioned for
FIG. 3. Analysis of Dicer-mediated dsRNA cleavage in the presence of TSWV-NSs. Radioactively labeled dsRNA was cleaved into siRNA
using Drosophila embryo extract in lysis buffer but was inhibited in the presence of TSWV NSs-expressing baculovirus-infected insect cell extracts.
Controls used were GFP-expressing baculovirus-infected insect cell extracts as a negative control and undiluted and 0.5-diluted (0.5 GFP and
0.5 TSWV NSs) extracts. A representative picture of at least two independent experiments is presented (A). The fraction of cleaved dsRNA was
quantified by GeneTools (SynGene) and is represented as a relative percentage by setting the amount of cleaved dsRNA in GFP extract as 100%
for undiluted (gray bars) or 0.5-diluted (black bars) extracts (B). Agrobacterium strains harboring vectors encoding IR-GFP were coinfiltrated
in N. benthamiana leaves with MBP (negative control), TCV CP (positive control), CymRSV P19, TSWV NSs, or TYRV NSs constructs. The
corresponding GFP siRNAs levels were detected by Northern blot analysis (C). Ethidium bromide-stained RNA was used as a loading control. To
ensure silencing suppressor activity of the tested RSS proteins, their gene constructs were coinfiltrated with a GFP construct in N. benthamiana
leaves and monitored for GFP expression 5 days postinfiltration (D).
VOL. 84, 2010 TOSPOVIRUS NSs EXHIBITS dsRNA AFFINITY 11547
the baculovirus-infected extract (Fig. 1F, asterisk), a lower
complex was observed in the case of TSWV and TYRV with
114-nt dsRNA. This retardation was not due to NSs, since a
similar retardation complex was observed with uninfected
plant extracts as a negative control (Fig. 4C, asterisk), and
therefore, it was not further investigated.
To quantify the affinity to longer and shorter dsRNA, a
serial dilution series of INSV- and GRSV-infected plant ma-
terial was made and used in dsRNA binding assays. Results
from this analysis showed that binding to long dsRNA was
lost at dilutions of INSV- and GRSV-infected plant extracts
that contained 0.25 g total protein per 10 l whereas
binding to 21-nt siRNA molecules was not observed below
0.06 g total protein per 10 l (compare Fig. 4E to F).
This indicated a slightly higher affinity to siRNA molecules
of GRSV NSs and INSV NSs (data not shown), as similarly
observed for baculovirus- and E. coli-expressed TSWV NSs
(Fig. 1A and C).
It was assumed that the tospoviral NSs proteins provided the
dsRNA binding activity in the infected plant extract. Due to
the lack of any NSs-specific antibody (INSV) or the incapacity
of the present antibodies to detect native NSs proteins effi-
ciently (GRSV, TSWV, and TYRV), supershift and immuno-
precipitation experiments (data not shown) showed negative
results.
Therefore, the presence of NSs in the retarded dsRNA
complexes formed in tospoviral plant-infected extract was
demonstrated. TSWV-, GRSV-, TYRV-, and CymRSV-
(negative control) infected plant extracts and Agrobacterium-
infiltrated leave extract expressing TSWV NSs (positive con-
trol) were incubated with radiolabeled siRNA molecules and
analyzed by EMSA, and shifted siRNA complexes were ex-
cised from the gel. These were subsequently resolved in SDS-
PAGE, using excised unbound siRNA molecules as a negative
control, and after Western blotting screened for the presence
of NSs. The mobility-shifted siRNA complexes from TSWV-,
FIG. 4. Affinity analysis of NSs from tospovirus-infected plant extracts for dsRNA. Electrophoretic mobility shift assays were performed using
systemically infected N. benthamiana leaf extracts containing CymRSV, GRSV, INSV, TSWV, or TYRV, incubated with radioactively labeled
21-nt siRNA, and subsequently resolved on a 8% native gel (A). Except for CymRSV, the experiment was repeated with radioactively labeled
114-nt dsRNA and resolved on a 5% native gel (C). Uninfected plant extract (uninfected) and RNA only () were included as negative controls
(A and C, first two lanes). The experiments shown in panels A and C were repeated using recombinant baculovirus-infected extract containing
GRSV NSs, TYRV NSs, TSWV NSs, or GFP (siRNAs [B] or 114-nt dsRNA [D]). Complexes formed in the negative controls (uninfected or GFP
expressing) are indicated (*) (C, lane 2, and D, lane 1). A serial dilution of GRSV-infected N. benthamiana extracts (2 g to 15.6 ng protein
content) was tested for affinity to 21-nt siRNA (E) or 114-nt dsRNA (F). As a negative control, the RNA duplex in extraction buffer was included
(E and F, first lane). Western blot analysis was performed on excised and denatured siRNA-protein complexes as observed in panel A using either
an antibody against TSWV NSs (G) or a monoclonal NSs antibody detecting Asian tospoviral NSs (H). The siRNA-protein complex of TSWV NSs
expressed in Agrobacterium-infiltrated leaf extract (TSWV NSs ATTA) was used as a positive control. As a negative control, gel slices of unbound
siRNAs were used (unbound RNA complex).
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GRSV-, and TYRV-infected or TSWV-NSs agroinfiltrated ex-
tracts clearly showed the presence of NSs (Fig. 4G and H),
which was not detected in the unbound siRNA- or CymRSV-
infected samples. This supports the hypothesis that the re-
tarded complexes consist of the tospoviral NSs proteins that
provide the dsRNA binding activity in the infected plant ex-
tracts.
To further substantiate the observed differences in binding
affinities of tospovirus NSs proteins to long dsRNA and to
strengthen the idea that the NSs proteins were binding the
dsRNA molecules, another expression system was used. EMSA
analyses were performed using extracts from recombinant bacu-
lovirus-infected insect cells expressing NSs from TSWV, GRSV
(American clade), and TYRV (Eurasian clade). As expected, all
NSs extracts showed retardation of siRNA molecules (Fig. 4B)
but not of single-stranded RNA molecules (data not shown). A
retardation of long, either 114-nt or 400-nt dsRNA was again
observed in the presence of NSs from TSWV and GRSV but
not with TYRV NSs containing extracts (Fig. 4D and data not
shown). This is in agreement at least with the results obtained
with infected plant extract containing GRSV and TYRV NSs.
In dilution series and competition EMSA analysis, baculo-
virus-expressed GRSV NSs again revealed higher affinities
for siRNA than for long dsRNA molecules (data not shown),
as already observed in infected plant extract (Fig. 4E and F)
and for baculovirus-expressed TSWV NSs (Fig. 1 and 2).
Tospoviral NSs proteins interfere with the miRNA pathway.
The reported loss of leaf polarity and interference with the
formation of plant reproduction organs after constitutive ex-
pression of plant viral RSS in Arabidopsis have been explained
as a result of suppression of miRNA-mediated gene regulation
(11, 16). Since siRNAs and miRNA/miRNA* duplexes share
structural similarities, it was not surprising that the RHBV NS3
and tombusvirus P19 RSS proteins, both able to bind siRNAs,
exhibited similar affinities to miRNA/miRNA* duplexes (16,
30). To investigate whether the TSWV NSs protein was also
able to interfere with miRNA-mediated gene regulation, the
affinity to either miRNA/miRNA* duplexes or the longer pre-
miRNA was analyzed using infected insect cell extracts contain-
ing baculovirus-expressed TSWV NSs. EMSAs with increasing
amounts of NSs-containing cell extracts showed retardation of the
miRNA/miRNA* duplex slightly lower than that observed for
siRNAs (Fig. 5A and 1A). For the pre-miRNA molecules, no
shift was observed even at the highest concentration of cell ex-
tracts used (Fig. 5B), indicating that in this assay, TSWV NSs
shows affinity only for miRNA/miRNA* duplexes.
The affinity of TSWV NSs for miRNA/miRNA* duplexes in
vitro implied that NSs could potentially interfere with the
miRNA pathway in plants by sequestering miRNA/miRNA*
molecules. To test this hypothesis, a miRNA-based sensor con-
struct encoding eGFP harboring a 3UTR with target sites
for miRNA1 (eGFP-3UTR) was agroinfiltrated in RDR6-
silenced N. benthamiana together with either TSWV NSs or
the negative control MBP. Use of the miRNA1-dependent
sensor construct instead of previously described ones (46) en-
sured that the observed miRNA/miRNA* duplex binding by
NSs is not sequence specific for miRNA171.
Normally, during Agrobacterium infiltration of this eGFP-
miRNA1 sensor construct, the host-encoded RDR6 converts
functional RNA transcripts into dsRNA, resulting in silencing
of eGFP and production of eGFP-specific siRNAs (Fig. 5D).
In RDR6-knockdown plants, no silencing of this construct
occurs unless it is coinfiltrated with pri-miRNA1 (12, 46). As
expected, in the absence of pri-miRNA1, RDR6 knockdown
plants showed similar eGFP fluorescence in the presence or
absence of the RSS protein (Fig. 5C, upper panels), while a
drastic decrease in the eGFP fluorescence level was observed
when these plants were coinfiltrated with eGFP-3UTR and
pri-miRNA1 (Fig. 5C, lower left panel). Enhanced GFP fluo-
rescence was restored by the addition of TSWV NSs (Fig. 5C,
lower right panel) and not when using MBP as a negative
control (Fig. 5C, lower left panel), demonstrating that TSWV
NSs was able to suppress miRNA-induced silencing. Whereas
no eGFP-specific siRNAs were observed in the absence of
miRNA1 (Fig. 5D, left panel, lanes 2 and 3), only a slight
amount of siRNAs was observed in the presence of miRNA1
(Fig. 5D, left panel, lanes 4 and 5). In contrast, elevated levels
of eGFP-specific siRNAs were produced when the sensor con-
struct was infiltrated into wild-type N. benthamiana plants (Fig.
5D, lane 6, left panel). This strongly indicates that eGFP si-
lencing was most likely the result of translational repression.
Similar results were obtained in insect cells expressing TSWV
NSs and a Firefly luciferase-based miRNA1 sensor construct
(Fig. 5E). This organism-independent suppressor effect sup-
ported the idea that the observed interference with the
miRNA pathway is possibly due to miRNA/miRNA* se-
questering and not to a protein-specific interaction.
To determine if the capacity to suppress the miRNA pathway
was shared among tospoviral NSs proteins, the EMSAs us-
ing miRNA/miRNA* duplex or pre-miRNA were repeated for
the other tospoviruses. Next to the positive-control CymRSV,
miRNA/miRNA* retardation was observed only when in-
fected plant extracts containing TYRV were used and not with
GRSV, INSV, and TSWV (Fig. 6A). In contrast, retardation of
pre-miRNA complexes was observed only with infected leaf
extracts containing GRSV and INSV and not with TSWV and
TYRV (Fig. 6B). Strikingly, no affinity to miRNA/miRNA*
duplexes was observed for TSWV NSs when crude extracts of
virus-infected plants were used (Fig. 6A), whereas binding was
observed when using recombinant baculovirus-TSWV NSs-in-
fected cell extracts (Fig. 6C) or plant extracts agroinfiltrated
with TSWV NSs (data not shown) (Fig. 5A and 6C). Similar
results were obtained for Agrobacterium-infiltrated leaf ex-
tracts and baculovirus-infected cell extract of GRSV NSs and
TYRV NSs (data not shown) (Fig. 6C).
These results indicated that the NSs proteins of the tospo-
viruses analyzed interfered with the miRNA pathway. How-
ever, their mode of action seemed to differ depending on the
expression system used. To substantiate these findings with
evidence from the natural situation, RNA was isolated from
tospovirus-infected plant material and assayed for the presence
of miRNA171c and miRNA171c* molecules. If the tospovirus
NSs protein binds miRNA/miRNA* duplexes, it would prevent
RISC loading of the miRNA guide strand, the subsequent
target cleavage in plants, and degradation of the miRNA*
strand (11, 16). Detection of miRNA/miRNA* duplexes and
specifically of the miRNA* strand in plants containing NSs
thus would be indicative for direct association of the RSS
with miRNA/miRNA* duplexes. Indeed, both miR171c and
miRNA171c* were readily detected in RNA samples from
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TSWV- and TYRV-infected plant material (Fig. 6D), whereas
in uninfected plants, only the miR171c strand could be de-
tected under the same conditions. The miRNA* strand was
also readily detected in RNA samples of GRSV- and INSV-
infected plant material (Fig. 6D). This indicates that their NSs
proteins also interfere with the RISC loading step, most likely
by sequestering the miRNA/miRNA* duplexes.
This would assume that GRSV and INSV NSs exhibit affinity
FIG. 5. Analysis of TSWV NSs interference with the miRNA pathway. EMSA analysis of radioactively labeled miRNA171/miRNA171* duplex
(A) or pre-miRNA2b (B) in the presence of increasing amounts of recombinant baculovirus-TSWV NSs-infected insect cell extracts. A repre-
sentative picture of at least three independent repetitions is shown. TSWV NSs interference on the miRNA pathway in RDR6 knockdown N.
benthamiana plants as visualized by eGFP fluorescence from an eGFP-miRNA sensor construct (eGFP-3UTR) 5 days postcoinfiltration (C) is
shown. As controls, leaves were infiltrated with Agrobacterium harboring vectors for eGFP-3UTR and MBP (C, upper left) or eGFP-3UTR and
TSWV NSs (C, upper right). Silencing was induced by coinfiltration of pri-miRNA1 (C, lower left and right) and suppressed in the presence of
TSWV NSs (C, lower right). Levels of eGFP siRNA (D, left panel) and processed miRNA1 (D, right panel) were detected by Northern blot
hybridization. RNA of a wild-type N. benthamiana plant infiltrated with Agrobacterium harboring the eGFP-3UTR sensor was used as a positive
control (D, last lane, top panel). Noninfiltrated N. benthamiana was used as a negative control (D, first lane, top panel) (wt). As a loading control,
RNA was stained by ethidium bromide. Suppression of miRNA1-induced silencing of a firefly luciferase-miRNA1 sensor construct was investigated
in insect cells (E). Drosophila S2 cells were cotransfected with a pMT-Renilla luciferase (Rluc), pMT-firefly luciferase (Fluc)-miRNA1 sensor
construct, either specific (miRNA-1) or unspecific (miRNA-12) primary miRNA in concert with either pIB-MBP, -TSWV NSs, or -carnation
Italian ringspot virus (CIRV) P19. After induction at 48 h posttransfection (hpt), relative luciferase expression (firefly/Renilla) was determined 72
hpt and the mean of at least two independent experiments is shown with standard error.
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for miRNA/miRNA* duplexes in vivo, in contrast to the in vitro
data with infected plant extract (Fig. 6A).
DISCUSSION
A common strategy employed by many plant viruses to coun-
teract antiviral RNA silencing is to sequester and inactivate
(antiviral) siRNAs through their viral RSS protein. Size-
selective binding of siRNAs has been described for several
plant viral suppressors, such as RHBV NS3, tobacco etch
virus (TEV) HC-Pro, beet yellows virus (BYV) P21, P19 of
several tombusviruses, peanut clump virus P15, and barley
stripe mosaic virus B (30, 37, 42). TSWV NSs has been re-
ported previously to act as an RSS in plants and insect cells (10,
23, 48); however, its mode of action remained unclear. Results
shown in this work demonstrate that E. coli- and recombinant
baculovirus-expressed TSWV NSs can bind both siRNA and
long dsRNA molecules. This enables TSWV to block antiviral
RNA silencing at two stages, i.e., before and after Dicer-me-
diated dsRNA cleavage. Similar results were obtained for NSs
from GRSV and INSV, two other tospovirus species that to-
gether with TSWV belong to the American clade of tospovi-
ruses (45) and share 49.7 to 82.2% amino acid sequence sim-
ilarity. In contrast, the NSs protein of the more distantly
related Eurasian clade tospovirus TYRV (15 to 22% protein
similarity) (29) revealed affinity only to small dsRNA mole-
cules in all used extracts. The observed lack of a TYRV NSs to
bind long dsRNA is unclear. The same is true for the low
affinity to long dsRNA binding in TSWV-infected plant ex-
tract, which is in contrast to the results with baculovirus- or E.
coli-expressed TSWV NSs. Considering the large quantities of
dsRNA at least in infected plants, a significant part of NSs
could be preloaded with dsRNA, and a difference in the re-
maining soluble and free NSs protein levels within the infect-
ed-plant extract cannot be excluded. It is not known if all used
tospoviruses produce similar amounts of viral siRNAs during
infections, possibly resulting in differences in NSs preloading.
On the other hand, the fact that no Dicer inhibition could be
observed for TYRV NSs, in contrast to the case with TSWV
NSs in an Agrobacterium infiltration assay, strengthens the ob-
servation that TYRV NSs does not bind long dsRNA mole-
cules, in contrast to TSWV NSs.
Whereas all tospovirus NSs proteins analyzed did exhibit a
clear affinity for siRNAs, the EMSAs showed a clear difference
in siRNA-NSs complex mobility between those from GRSV,
INSV, and TSWV versus TYRV. However, this was only in
cases where plant extracts were used and was not found with
baculovirus-infected cell extract (Fig. 4A). In plant extracts, all
tested tospovirus NSs proteins (from GRSV, TSWV, and
TYRV) showed, in addition to the monomeric form, higher-
molecular-weight bands corresponding in size to dimers, trim-
ers, and multimers (data not shown). This was irrespective of
(non)denaturing conditions and independent of the presence
of RNA. Similar multimers were observed under semidenatur-
FIG. 6. Affinity of tospovirus NSs for duplex RNA molecules from the miRNA pathway. Electrophoretic mobility assay analysis using leaf
extracts from N. benthamiana systemically infected with TSWV, TYRV, CymRSV, GRSV, or INSV and incubated with radioactively labeled
miRNA171/miRNA171* duplexes (A) or pre-miRNA2b (B). Baculovirus-infected cell extracts expressing GFP, TSWV NSs, TYRV NSs, or GRSV
NSs were incubated for 20 min with radioactively labeled miRNA171/miRNA171* and loaded on an 8% native gel (C). As negative controls, RNA
was incubated with extracts from uninfected plants (A) (first lane) or GFP-expressing baculovirus-infected extract (C) (second lane). Northern blot
detection of miRNA171c and miRNA171c* (after stripping) in RNA samples from N. benthamiana leaves systemically infected with GRSV,
TSWV, INSV, and TYRV (D) is shown. As a negative control, RNA from uninfected leaves was included (D) (first lane).
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ing conditions in recombinant baculovirus NSs-infected cell
extracts in the presence or absence of RNA (data not shown).
Therefore, the discrepancy in stoichiometry of siRNA-RSS
complexes between the two groups of tospoviruses observed
only with NSs from plant extracts was likely not to be attrib-
uted to differences between NSs oligomerization in plant ver-
sus insect cells. Instead, differences in posttranslational modi-
fication (e.g., phosphorylation) and/or interaction with host
proteins or viral proteins may account for the observed differ-
ences in siRNA-NSs complex mobility. Predictions for post-
translational modifications revealed several potential phosphor-
ylation sites. To our knowledge, no viral or host-encoded
interaction partner has yet been identified for tospovirus NSs.
The reason for the additional affinity to long dsRNA to
counterdefend against RNA silencing for TSWV, GRSV, and
INSV remains intriguing. The question remains if this affinity
to long dsRNA molecules represents an ancestral activity lost
by TYRV NSs over time or newly gained by the American
tospovirus clade. Recently, long dsRNA has been described to
induce an antiviral response in Drosophila different from RNA
silencing (33). Therefore, it is tempting to speculate that to-
spoviruses from the American clade benefit from their long
dsRNA affinity in order to counteract two different antiviral
pathways in insects. Whether a similar antiviral response is
present in the thrips insect vector is still unknown. Hitherto, a
similar divergence in the affinity of RSS for longer and shorter
dsRNAs has been observed in only one other well-studied
but completely unrelated family of viruses, the Tombusviri-
dae (42, 43).
Although binding of TSWV NSs to longer dsRNA molecules
has not been observed, or only to a small degree, in all used cell
extracts, since it is nearly lacking in infected plant extracts, this
binding property is supported by its in vitro inhibitory effect on
Dicer-mediated processing of dsRNA molecules into siRNAs.
A similar inhibitory effect on Dicer cleavage of an inverted
repeat of GFP has also been observed in plants that transiently
expressed TSWV NSs. Previous research reported that TSWV
NSs is not able to suppress IR-induced RNA silencing (51),
suggesting a mode of action upstream of DCL in the RNA
silencing pathway. However, in our hands, analyses have
consistently shown that TSWV NSs was perfectly capable
of suppressing IR-induced silencing in Agrobacterium-infil-
trated plants.
Among plant viruses, binding of viral RSS proteins to longer
dsRNA and subsequent inhibition of Dicer-mediated dsRNA
cleavage so far has been observed for only two members of
the positive-stranded Tombusviridae, i.e., Turnip crinkle virus
(TCV) CP and aureusvirus p14 (42, 43). This property, though,
is more common to RSS proteins of insect- and mammal-
infecting viruses, like Flock house virus B2, Drosophila C virus
1A, and Ebola virus VP35, which all have been shown to
exhibit a high affinity to long dsRNA (34, 41–43, 54).
Tospoviruses are the only plant-infecting members of the
Bunyaviridae family and are transmitted by thrips, in which
they also replicate (57). As a result, tospoviruses are targeted
by antiviral RNA silencing in plants as well as insects. By
interacting with both long and short dsRNA molecules, tospo-
viruses are able to interfere with multiple steps in the antiviral
RNA silencing machinery, notably Dicer-mediated processes,
assembly of active RISC complexes, and possibly the amplifi-
cation of the silencing signal in plants. The NSs protein of the
animal-infecting bunyavirus La Crosse virus (LACV) has been
shown to be an active suppressor of RNA silencing in human
cells by interfering with siRNA-mediated RNA silencing (49).
Recently, however, contradictory results have been published
(7). Since vertebrates possess an effective antiviral defense
system based on interferon induction that also involves dsRNA
species, the antiviral activity of the ubiquitous RNA silencing
machinery in vertebrate systems is still being debated. For the
same reason, the biological relevance of RSS activity of some
proteins from animal-infecting viruses is being disputed, since
many of these proteins also have shown interferon antagonistic
properties (4, 26). Besides being an inducer of RNA silencing
and a substrate for Dicer, long dsRNA molecules of cellular or
viral origin also activate the dsRNA-dependent protein kinase
(PKR) and thereby trigger the interferon-induced antiviral de-
fense mechanism in mammals (22). Sequestering long dsRNA
molecules would therefore be an effective way for vertebrate
viruses to simultaneously suppress antiviral RNA silencing and
interferon induction. The capacity of NSs proteins of some
tospoviruses to bind long dsRNA could thus reflect a property
inherited from a common ancestor shared between the plant-
and mammal-infecting bunyaviruses (13, 35). Whether this
long dsRNA binding is redundant or still has biological rele-
vance to tospovirus infections in plants or insects remains to be
investigated. Comparison of mutated NSs proteins lacking long
dsRNA binding ability with wild-type NSs proteins could shed
light on the question of whether siRNA binding is sufficient for
the RSS activity of tospoviral NSs proteins. For this, more
information regarding the RNA binding domain(s) in the to-
spoviral NSs proteins would be required.
The property of tospovirus NSs proteins of binding miRNA/
miRNA* duplexes and thereby interfering in the regulation of
host gene expression has previously been shown for a few other
plant viral RSS proteins, such as potyviral HC-Pro and tom-
busviral P19 (11, 16). The affinity of TSWV, like that of TYRV,
for miRNA/miRNA* but not for pre-miRNA molecules, as
observed for GRSV and INSV, is somewhat intriguing in light
of earlier-mentioned similarities and differences between the
NSs proteins studied and needs further analysis. The observed
lack of affinity of TSWV-, GRSV-, and INSV-infected plant
extracts for miRNA/miRNA* duplexes is likely due to reasons
discussed for the observed low binding affinity of infected
TSWV plant extract to long dsRNA, i.e., a significant part of
NSs is already loaded with (viral) dsRNA molecules that arise
during a viral infection. This is supported by the ability of all
tested NSs proteins (from TSWV, GRSV, and TYRV) to bind
miRNA/miRNA* duplexes in Agrobacterium-infiltrated plant
extracts (data not shown) and baculovirus-infected cell extracts
(Fig. 6C). The small amount of NSs-siRNA complexes ob-
served for TSWV-, INSV-, and GRSV-infected plant extracts
compared to baculovirus-NSs-infected cell extracts (Fig. 4A
and B) and Agrobacterium-infiltrated plant extract (data not
shown) strengthens this explanation. Furthermore, in light of
the slightly lower affinity to miRNA/miRNA* duplexes (ap-
proximately 5% bound at the lowest used concentration) than
to siRNAs (approximately 90% bound at lowest used concen-
tration) in the case of baculovirus-infected extract expressing
TSWV NSs, maybe it is not that surprising that no miRNA/
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miRNA* retardation was observed for TSWV-, GRSV-, and
INSV-infected plant extract.
Despite these observations, the accumulation of miRNA171c/
miRNA171c* duplexes in leaf material infected with any to-
spovirus strengthens the idea that all tospoviral NSs proteins
stabilize the miRNA/miRNA* duplexes and prevent their up-
loading into RISC. This possibly occurs by sequestering and
thereby interfering with miRNA-mediated gene regulation in
planta. Since miRNA171c is predicted to target transcripts for
the SCARECROW-like transcription factor (50, 58) and a
beneficial effect of this gene on virus replication is not evident,
it is tempting to speculate that NSs interference with the
miRNA pathway is most likely due to the high structural sim-
ilarity of miRNA/miRNA* molecules to antiviral siRNA mol-
ecules. Further support for this idea comes from the observed
silencing suppression effect of TSWV NSs on a “randomly”
selected miRNA1 sensor construct during Agrobacterium infil-
trations on N. benthamiana leaves. Whereas the interference of
plant viral RSS in the miRNA pathway might reflect an aber-
rancy due to structural similarities between siRNA and
miRNA/miRNA*s, the interference by RSS proteins of hu-
man-infecting viruses (e.g., HIV-1) with miRNA silencing has
been proposed to down- or upregulate genes involved in anti-
viral (defense) responses (5, 52). This is elegantly exemplified
by the higher expression level of the miRNA-regulated histone
acetylase p300/CBP-associated factor (PCAF) during HIV in-
fections, a host factor that has been shown to be required as a
cofactor for the HIV transactivator of transcription (Tat) pro-
tein. Until recently, no such case has been reported for virus
infections in plants and insects. In plants, interference of TCV
CP with AGO1 has been reported, resulting in changes in
miRNA levels that in turn create a virus-favorable environ-
ment in the plant (3). Whether this interaction is TCV specific
or a global plant viral characteristic is not yet known. The
here-reported interaction of tospoviral NSs proteins with the
miRNA pathway leaves the possibility that interference with
the plant miRNA pathway could be a characteristic shared by
all plant viruses. Whether this interaction with the NSs protein
and the miRNA pathway occurs during tospovirus infections
and results in an environment beneficial to viruses remains to
be investigated.
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